ABSTRACT
INTRODUCTION
The pink shrimp Farfantepenaeus paulensis has been exploited since the end of the 19 th century by artisanal fisheries in the Patos Lagoon estuary, extreme southern Brazil, but catches have declined sharply in the last 20 years causing significant impacts on the local economy (Reis and D'Incao, 2000; D'Incao and Reis, 2002) . However, recent studies on F. paulensis culture could bring a new perspective for the shrimp market in the region. The culture of F. paulensis in pen enclosures within the estuarine area has been developed as an alternative for fishermen communities (Wasielesky et al., 1999; Wasielesky et al., 2001) . This species has also been considered for pond culture in extreme southern Brazil as the growing season for the exotic Litopenaeus vannamei could be limited by low water temperatures (Peixoto et al., 2003a) .
Worldwide expansion of shrimp farming over the last two decades is attributed mostly to the success in the production of high quality nauplii through controlled maturation and reproduction (Browdy, 1992) . Several reviews on the maturation of penaeids have been published over the past few years (Bray and Lawrence, 1992; Browdy, 1992; Browdy, 1998) . However, all information available on the reproduction of F. paulensis is dispersed in studies conducted mainly in southern Brazil at the Federal University of Rio Grande (FURG, Rio Grande, Rio Grande do Sul) and Federal University of Santa Catarina (UFSC, Florianópolis, Santa Catarina). Since the early 80's, nauplii production of F. paulensis in Brazil has been based on the capture of wild broodstock in coastal waters off Santa Catarina (Marchiori and Boff, 1983; Marchiori and Cavalli, 1993) . Despite their supposed advantageous performance, the unpredictable supply and high capture costs are constraining the culture sustainability in the region. Therefore, several studies have been carried out to optimize maturation and reproduction of F. paulensis in captivity, especially the evaluation of domesticated broodstock as an alternative (Cavalli et al., 1997; Peixoto et al., 2002a,b; Peixoto et al., 2003b,c,d; Peixoto et al., 2004a,b) . Furthermore, our research group is currently the only one working with controlled reproduction of F. paulensis and therefore has accumulated undeniable experience in this area during the last 20 years. The objective of this review was to summarize the current knowledge on the maturation and reproduction of F. paulensis, with special reference to the studies that have been conducted during the last decade in our laboratory. This review could improve the future outlook for a sustainable nauplii production of F. paulensis in southern Brazil.
REPRODUCTIVE

AND MOLTING CYCLES
Most shrimp species of interest for aquaculture belonged to the genus Penaeus (Dall et al., 1990) , which has been recently divided by Pérez-Farfante and Kensley (1997) (Zenger and Agnes, 1977; D'Incao, 1999) . Penaeids may be separated in closed and open thelycum species, which refers to the female reproductive anatomy to store the spermatophores after mating (Dall et al., 1990) . Since F. paulensis is a closed-thelycum species, mating takes place when males are in their intermolt period and females are recently molted (soft cuticle). Brisson (1985) described in detail the mating behavior of F. paulensis, which is marked by the male turning upside down below the female, rapidly rotating perpendicularly, squeezing the female and then transferring the spermatophore. After the hardening of the exoskeleton, mature females may fertilize several spawns with the sperm from one mating, but they must mate again after each ecdysis to ensure fertilized spawns during the next intermolt period because the spermatophore is lost with the exuviae (Marchiori and Boff, 1983; Marchiori, 1996) . The reproductive cycle of closed thelycum species differs significantly from the open thelycum ones. For the latter, a hard-shelled female mates immediately prior to spawning and the spermatophore attached externally to the thelycum is lost after each spawn (Ogle, 1992) . Molting rates usually increase in captive maturation systems due to the acceleration of the metabolism caused by higher temperatures and the strong influence of eyestalk ablation on the endocrine control of the molting process (Dall et al., 1990) . Studies on the relationship between molt cycle and reproductive performance could improve the planning of nauplii production in captivity. Reproduction of unilaterally eyestalkablated F. paulensis in relation to its molt cycle in a continuous water flow or a batch renewal maturation system was analyzed by Peixoto et al. (2003c) . Results indicated that the intermolt period of females and males (17.4 ± 3.2 and 17.8 ± 4.6 days, respectively), number of days between molts and first spawn (6.9 ± 2.8 days) and number of spawns in the intermolt period (1.4 ± 0.5), were not significantly different between the maturation systems. Additionally, results from another study indicated that the intermolt period (14.7 to 15.8 days) and the number of spawns/intermolt (1.6 to 1.7) of eyestalk-ablated F. paulensis females were not affected by the presence or absence of males in maturation tanks (Peixoto et al., 2004a) .
OVARIAN MATURATION
Unilateral eyestalk ablation is the most common and effective way to induce ovarian maturation and spawning of many species of penaeid shrimp in captivity (Browdy, 1992) . Although the endocrinological processes controlling gonad maturation in penaeids are not yet fully understood, eyestalk ablation presumably accelerates this process as it reduces the synthesis and release of the gonadal inhibitory hormone (GIH) from the neurosecretory complex located in the eyestalk (Dall et al., 1990; Huberman, 2000) . Peixoto et al. (1998) maintained wild-caught, eyestalk ablated and unablated F. paulensis females under similar environmental conditions and found that ablation was essential to attain maturation and spawning rates that were high enough to sustain commercial nauplii production. Furthermore, the positive effects of eyestalk ablation in ovarian development were also observed through histological analysis of spent ovaries from unablated and ablated F. paulensis. Ovaries of eyestalk-ablated females presented advanced stages of oocyte development just a few hours after spawning, which indicated a comparatively faster rate of ovarian maturation in these females (Peixoto et al., 2002a) . Visual observation of females, especially the shape and color of their ovaries, has been routinely applied to evaluate the stage of maturation of penaeids under laboratory and field conditions. In captivity, accurate identification of ovarian development is necessary in order to avoid excessive handling stress and waste of fertile spawns into the tanks (Browdy, 1992) . Although histological analyses have been widely used to describe ovarian maturation stages of penaeids (Tan-Fermin and Pudadera, 1989; Quinitio et al., 1993; Medina et al., 1996; Palacios et al., 1999; Ayub and Ahmed, 2002) , not much information on its relationship with visual changes during ovarian development are available As with other penaeids, the stages of ovarian maturation of F. paulensis have been traditionally assessed by visual observations (Marchiori and Boff, 1983; Marchiori and Cavalli, 1993; Cavalli et al., 1997; Peixoto et al., 2003b) . Nevertheless, available descriptions of maturation stages for F. paulensis are rather conflicting since different number and types of stages have been described according to histological and visual features. For wild F. paulensis captured in deep-sea waters, histological classification of ovarian development described four stages (Worsmann et al., 1971) , which were later confirmed through cell ultrastructure analysis (Worsmann and Sesso, 1977) . On the other hand, when classification was based only on ovarian morphology and color, five (D'Incao, 1999) or six (Marchiori and Boff, 1983; Marchiori, 1996) maturation stages have been proposed. Recently, the description of the ovarian development of F. paulensis relating histological sections and visual features using a chromatic scale (Pantone Matching System, Coated Simulation, Pantone, Carlstadt, NJ, USA) was reported by Peixoto et al. (2003d) . Wild-caught females had gonadosomatic index (GSI) varying from 1.6 to 13.7% with four distinct stages of ovarian development: -Stage I (immature): small basophilic oocytes (25-100µm) were dominant in the ovarian tissue. Observation of the ovary through the exoskeleton was difficult. GSI values varied from 2.1 to 3.1%. Ovary color ranged from translucent to creamy (Pantone 4545 PC); -Stage II (developing): acidophilic yolky oocytes (100-220µm) were located on the periphery of the ovarian lobe. The ovary was clearly visible through the exoskeleton and GSI ranges between 4.1 and 4.9%. A light green color was observed (Pantone 578 PC); -Stage III (mature): large (220-340µm) acidophilic oocytes with cortical rods in the periphery of the cytoplasm were typical of this stage. The ovary occupied all the available space in the body cavity (GSI = 5.1-13.7%). Ovarian color turned into olive-brown (Pantone 5747 PC); -Stage IV (spent): the presence of atretic oocytes was the major feature distinguishing its cell arrangement from that of stage I. Morphology and color of the ovaries were very similar from that of stage I. Values of GSI were within 1.6-2.4%. These four ovarian maturation stages were in accordance with previous studies (Worsmann et al., 1971; Worsmann and Sesso, 1977) , which distinguished three different oocytes types distributed within four maturation stages. Therefore, it could be possible that some ovarian stages described previously based on ovarian color and/or morphology (Marchiori and Boff, 1983; Marchiori, 1996; D'Incao, 1999 ) might be macroscopic variations within a similar histological feature.
MATURATION AND SPAWNING
Several factors must be managed to ensure the success of maturation and mating of penaeids under laboratory conditions (Bray and Lawrence, 1992; Browdy, 1992; Browdy, 1998) . Marchiori (1996) summarized the basic procedures and technologies for the maturation and spawning of F. paulensis in captivity. More information can be found in other studies on controlled reproduction (Marchiori and Boff, 1983; Muedas and Beltrame, 1991; Beltrame and Andreatta, 1993; Marchiori and Cavalli, 1993; Vinatea et al., 1993; Cavalli et al., 1997; Cavalli et al., 1998; Peixoto et al., 2002b; Peixoto et al., 2003b,c; Peixoto et al., 2004a,b) . Since closed thelycum females mate once per molt cycle, the number of males may be reduced in an attempt to optimize production by increasing the number of females per unit area in maturation tanks. Therefore, male to female ratios ranging from 1:1 to 1:1.5 and stocking densities from 5 to 7 animals/m 2 have been commonly employed for F. paulensis. Poor mating success was also associated with the small size of experimental maturation tanks (Peixoto et al., 2003c) . However, descriptions of mating behavior for this species suggested that tank size did not play a significant role as females tended to stay on the bottom and did not swim before and during copulation (Brisson, 1985) . Reis et al. (1998) found no significant differences in the hatching rate of F. paulensis broodstock kept in 2.5 or 4 m diameter maturation tanks. Individual performance of females stocked in maturation tanks can be easily tracked through simple tagging systems. The use of colored silicone rings in the remaining eyestalk was previously described for ablated females of F. paulensis by Tsuzuki et al. (1993) . The silicone ring must be of an appropriate diameter to avoid either losing the ring or strangling the eyestalk. Therefore, the authors recommended an internal diameter of 3 mm for females between 20 and 70 g. Generally high water exchange rates (100-400% /day) are adopted in the maturation of penaeids (Bray and Lawrence, 1992) , mainly to reduce the levels of nitrogenous compounds. However, since no significant effects of ammonia on molting and reproductive performance of F. paulensis were detected under long-term exposure, low water exchange rate (50%) has been recommended to reduce labor and costs, as well as to maintain stable environmental conditions (Cavalli et al., 1998) . Other environmental conditions applied for F. paulensis maturation include artificial photoperiod (12-14 h/day), water temperature varying from 25 to 29°C and full seawater salinity. Broodstock feeding is usually based on low proportions of commercial maturation diets and a mixture of fresh frozen marine organisms including shrimp (Artemesia longinaris), squid (Illex sp.), fish (various species), mussel (Perna sp.) and crab (Callinectes sp.) offered in four or five daily portions. Live olygochaeta (Eisenia sp.) have also been fed and though neither its biochemical composition nor its value was experimentally investigated, we observed that they were eagerly consumed by F. paulensis breeders. Proper spawning tank size, hygiene and water quality are also important for maximizing the number and quality of nauplii produced per spawn. Usually females with ripe ovaries are transferred daily to separate spawning tanks with water volume ranging from 90 to 120 liters. The total number of eggs is estimated from samples of the spawning tank water and fertilization rate is determined microscopically. Additionally, a disinfection protocol adapted from Brock and Main (1994) has been applied to avoid the presence of undesirable microorganisms attached to the surface of the eggs, as well as to remove eventual fragments of feces and ovarian tissue frequently observed in the spawning tank water. This protocol consists basically in six steps, as follows: 1) concentrate the eggs using a 120 µm mesh collector (4 liters) with aeration; 2) wash the eggs gently for 1 minute using seawater at the same temperature and salinity; 3) add 1 ml of formalin (37%) in the collector for 30 seconds; 4) repeat step 2; 5) add 1 ml of iodine (20 ppm) in the collector for 30 seconds; 6) repeat step 2. The eggs are then transferred to incubation tanks with similar water temperature and salinity. Reis et al. (1998) reported that hatching rates of F. paulensis were not affected by the volume (40 and 90 l) of the incubation tanks. Generally, at temperatures around 25-26 ºC, the eggs start to hatch after 15-16 hours from spawning (Marchiori, 1996) .
ARTIFICIAL INSEMINATION
The lack of mating in maturation tanks is usually linked to the absence of fertile spawns (Beard and Wickins, 1980; Lin and Ting, 1986; Peeters and Diter, 1994) . Similarly, a decrease in the fertilization rates of wild F. paulensis broodstock has been related to the lack of mating in maturation tanks, causing significant losses in nauplii production (Peixoto et al., 2004a) . In closed thelycum penaeids, artificial insemination must be done soon after molting, while the female exoskeleton is still soft and the spermatophore can be easily implanted into the seminal receptacle without causing injuries (Lin and Ting, 1986) . Therefore, daily assessment of females is essential to identify those that have recently molted. Simple methods to recognize exuviae in the tanks is establishing a code by clipping the uropods of each female or gluing a numbered tag on the exoskeleton (Peixoto et al., 2003c; Peixoto et al., 2004a) . The first successful attempt to artificially inseminate F. paulensis females was performed by Petersen et al. (1996) , who found similar spawning performance using naturally mated and artificially inseminated females. The efficiency of artificial insemination to overcome the lack of mating and improve the reproductive performance of F. paulensis was also compared in conventional versus unisex maturation systems (Peixoto et al., 2004a) . This study indicated that the presence or absence of males had no effect on the reproductive performance of artificially inseminated females. It might also be possible to optimize the maturation facilities and management by holding F. paulensis females separately from males. The spermatophores could be extruded manually by gently pressing around the coxae of the fifth pair of pereiopods (Petersen et al., 1996) . Practical experience indicated the ease of use and lesser injuries with electrical extrusion of spermatophores. The use of one spermatophore to artificially inseminate F. paulensis females proved enough to fertilize three successive spawns with no decrease in hatching rates (Peixoto et al., 2004a) . Similarly, hatching rates for the first and second spawns were reported for F. paulensis inseminated with either one (70.6 to 78.3%, respectively) or two halves (71 to 73%) of spermatophore as well as with naturally mated females (80 to 83%) (Petersen et al., 1996) . These results reinforced the notion that the number of F. paulensis males required as sperm donors for artificial insemination could be minimized by using one spermatophore per female.
REPRODUCTIVE PERFORMANCE
Although many advances in the development of maturation and reproduction of F. paulensis have been made, the unpredictability and the high costs associated with the capture of wild broodstock in deep-sea waters (40-60 m) remain a major bottleneck. In the last few years, due to lower costs, animals have also been captured in shallow water (5-10 m) bays of Florianópolis, SC. Although presenting an acceptable spawning performance (Peixoto et al., 2003b) , a marked decrease in egg quality and nauplii survival has been observed when using animals from this source (Peixoto et al., 2002b) . Therefore, recent studies have focused to improve reproductive performance and offspring quality of captive F. paulensis broodstock, as a future alternative for a more independent and reliable nauplii production (Cavalli et al., 1997; Peixoto et al., 2003b; Peixoto et al., 2004b) . The reproductive performance of penaeids is known to be affected by broodstock source and size (Browdy et al., 1986; Menasveta et al., 1993; Ramos et al., 1995) . The size recommended for the reproduction of F. paulensis females in captivity ranged from 30 to 60 g (Bueno, 1989; Cavalli et al., 1997) . Previous studies indicated a higher egg and nauplii production for deep-sea caught F. paulensis broodstock compared to animals from shallow waters (Beltrame and Andreatta, 1991) , ponds (Beltrame and Andreatta, 1991; Cavalli et al., 1997) and estuaries . However, since a positive relationship between female size and fecundity has been demonstrated for F. paulensis (Cavalli et al., 1997; Peixoto et al., 2004b) , the reliability of these differences in reproductive performance is questionable due to size discrepancies between the different experimental groups. When similarlysized F. paulensis broodstock from different sources were compared a greater number of eggs/spawn (78.414) and higher total egg production (4,469,600) were recorded for the wild females (31.7 g), but captive females (32.9 g) produced more nauplii (1,788,259) as a result of a higher percentage of fertilized spawns (Peixoto et al., 2003b) . Several studies conducted under similar maturation conditions reported mean number of eggs/spawning event of deep-sea F. paulensis varying from 100,000 to 160,000 and fertilization rates higher than 65% Cavalli et al., 1997; Cavalli et al., 1998; Peixoto et al., 2004a) . Although Peixoto et al. (2003b) found 78,000 eggs/spawning event and mean fertilization of 68.4% to be acceptable for shallow water F. paulensis, low offspring viability has been observed using this broodstock source. It has been suggested that F. paulensis females captured in shallow waters are not able to attain full oocyte development (absence of cortical rods), which might be related to their poor offspring quality (Peixoto et al., 2002b) . Nevertheless, promising results on ovarian maturation, overall spawning performance and offspring viability were recently reported for captive F. paulensis overwintered indoors (Peixoto et al., 2004b) . Although it has been generally accepted that larger, presumably older F. paulensis females present a superior spawning performance, the influence of age on wild broodstock has not been thoroughly examined. The effect of size, rather than age, on the productivity of F. paulensis was previously reported by Cavalli et al. (1997) . In accordance, Peixoto et al. (2004b) working with two size classes (small and large) at the same age (10-and 16-month-old groups) of captive F. paulensis broodstock, found evidence that larger females (25.8 and 46.7 g for 10-and 16-month-old groups, respectively) presented a superior reproductive performance in terms of number of spawns, spawning frequency and egg production/female. Studies on age-pigment lipofuscin in F. paulensis brains may provide a future alternative for age estimations and association with reproductive performance of wild shrimp at different ages (Peixoto et al., 2002c) . Sexual maturity of wild and captive F. paulensis males is known to occur at an early stage (Costa, 1992) . Marchiori and Cavalli (1993) found no differences in egg hatching rates in relation to the size of pond-reared (19 g) and wild F. paulensis males (25 g). Regardless the source, males with body weight over 16 g have been recommended for controlled reproduction purposes (Cavalli et al., 1997) . The sexual capability of males of this size was confirmed for captive 10-month-old F. paulensis males based on sperm quality and hatching performance (Peixoto et al., 2004b) . However, smaller 10-month-old males (10 g) also showed acceptable sperm quality, but further studies would be needed to evaluate the mating success of these males when paired with larger/older females.
BROODSTOCK MANAGEMENT
Indoor facilities have been used for overwintering broodstock in temperate regions, which is crucial to close the life cycle of penaeids in such areas (Browdy, 1992) . In southern Brazil (32°S), where low water temperatures do not allow broodstock culture in outdoor ponds during winter, a raceway system enclosed in greenhouse has been used to culture juveniles to broodstock size (Peixoto et al., 2001; Peixoto et al., 2003b; Peixoto et al., 2004b) . In this system, a continuous recirculation system containing a 1,000-liter biological filter provides two turnovers/day in two 22 m 3 culture tanks. Seawater is exchanged at a rate of 3%/d. Water temperature is maintained above 20°C by submerged heaters. Nitrogenous compounds (e.g. total ammonia and nitrite), pH, and salinity are analyzed weekly. Stocking densities are usually limited to 7 shrimp/m 2 and male to female ratio ranging from 1:1.5 to 1:2. Animals are fed to satiation once a day (17,00 h) alternating fresh frozen crab (Callinectes sp.), squid (Illex sp.), shrimp (Artemesia longinaris), fish (several species) and a commercial maturation diet. The von Bertalanffy model was used to represent weight growth of F. paulensis broodstock during the raceway culture in extreme southern Brazil, as follows (Peixoto et al., 2001 Under controlled environmental conditions, the minimal broodstock size for F. paulensis was attained after approximately nine months for wild juveniles captured in the Patos Lagoon estuary (Peixoto et al., 2001; Peixoto et al., 2003b) and after ten months for captive juveniles obtained from pen culture in the same estuary (Peixoto et al., 2004b) . Nevertheless, significant improvements on reproductive output were achieved by using larger F. paulensis broodstock (30.2 and 46.7 g for males and females, respectively) reared for 16 months in the same raceway system (Peixoto et al., 2004b) .
CONSTRAINTS AND PERSPECTIVES
Despite the importance of shrimp broodstock nutrition, little information is available on the role of different nutrients during maturation and reproduction (Harrison, 1990; Harrison, 1997; Wouters et al., 2001) . Fresh frozen feeds supplemented with high quality artificial maturation diets have resulted in acceptable reproduction output of F. paulensis, but no attempt to identify specific nutrient requirements has been proposed for this species. Studies to examine the relationship between nutritional requirements and reproductive performance of F. paulensis should be given more attention. Although the use of artificial insemination may help to overcome the lack of mating for F. paulensis in captivity, little is known about the cause of this problem. Whatever be the cause, the maturation system and broodstock should be thoroughly checked before stocking the breeders in order to prevent the lack of mating. Topics to be checked include: environmental and physical conditions, feed and feeding schedules, overall health and condition of the broodstock, husbandry practices and other routine procedures. Further studies are necessary to identify the possible factors affecting the mating success of F. paulensis in captivity. Genetics and biotechnology in penaeids have been reviewed (Benzie, 1997; Benzie, 1998) and selective breeding programs have been successfully achieved for some species (Pérez-Rostro and Ibarra, 2003; Le Moullac et al., 2003; Li et al., 2003) . Current efforts to close the life cycle and improve reproductive performance of F. paulensis in captivity would hopefully be able to design an efficient breeding program through the selection of desirable characteristics reflected in culture performance. The future success of F. paulensis culture in extreme southern Brazil would depend upon increasing supplies of high quality seed for stocking farm ponds and pens. Unfortunately, the current reliance on nauplii derived from wild broodstock could constrain the long term sustainability in the region. New challenges, associated especially with the nutritional requirements during the growout phase and the development of genetically improved captive broodstock, must be achieved through research efforts in the private and public sectors.
RESUMO
Esta revisão constitui a primeira iniciativa de reunir em um só documento os recentes desenvolvimentos/estudos sobre maturação e reprodução de Farfantepenaeus paulensis em cativeiro. O objetivo do presente estudo foi revisar informações que poderão colaborar para a produção sustentável de náuplios de F. paulensis
